The objective of this study was to characterize the morphometry and ultrastructure of porcine preantral and antral follicles, especially the lipid component evolution. Ovarian tissue was processed for light microscopy. Ovarian tissue and dissected antral follicles (< 2, 2-4, and 4-6 mm) were also processed for transmission electron microscopy using routine methods and using an osmium-imidazole method for lipid detection. Primordial follicles (34 ± 5 μm in diameter, mean ± SD) had one layer of flattened-cuboidal granulosa cells around the oocyte, primary follicles (40 ± 7 μm) had a single layer of cuboidal granulosa cells around the oocyte, and secondary follicles (102 ± 58 μm) had two or more layers of cuboidal granulosa cells around the oocyte. Preantral follicle oocytes had many round mitochondria and both rough and smooth endoplasmic reticulum. In oocytes of primordial and primary follicles, lipid droplets were abundant and were mostly located at the cell poles. In secondary and antral follicles, the zona pellucida completely surrounded the oocyte, whereas some microvilli and granulosa cells projected through it. Numerous electron-lucent vesicles and vacuoles were present in the oolemma of secondary and antral follicles. Based on osmium-imidazole staining, most of these structures were shown to be lipid droplets. As the follicle developed, the appearance of the lipid droplets changed from small and black to large and gray, dark or dark with light streaks, suggesting that their nature may change over time. In summary, although porcine follicles and oocytes had many similarities to those of other mammalian species, they were rich in lipids, with lipid droplets with varying morphological patterns as the follicle developed.
Introduction
The mammalian ovary contains a large number of oocytes within ovarian follicles.
Ovarian follicles comprise oocytes surrounded by supporting cells and can be classified as preantral (primordial, primary, and secondary) and antral (tertiary and Graafian) follicles.
During folliculogenesis, numerous morphological and functional changes occur in the oocyte [1] and [2] . Knowledge of ovarian follicle and oocyte morphology is crucial to the development of assisted reproductive techniques, such as oocyte cryopreservation and in vitro embryo production.
Morphometric and ultrastructural studies of follicles and oocytes have been described for cattle [1] and [3] , sheep [4] , goats [5] and [6] , buffalo [7] and [8] , cats [9] , and humans [10] and [11] .These studies demonstrated differences among species. In pigs, Greewald and Moor [12] described the morphology and ultrastructure of isolated primordial follicles. The ultrastructure of follicular porcine granulosa cells have also been reported [13] in a study of the steroidogenic process performed by these cells. However, morphometric and ultrastructural characterizations of porcine follicles at all their developmental stages have not yet been completely described. Moreover, many reports are now using ultrastructural studies as tools to evaluate the damage or changes caused by assisted reproductive techniques, especially cryopreservation of fully grown oocytes [14] , [15] , [16] and [17] . Porcine oocytes typically contain large amounts of cytoplasmic lipids that are major obstacles to efficient cryopreservation [18] . Conversely, preantral follicles have been cited as an alternative strategy for storing female germ cells in pigs [19] and other species. Oocytes within preantral follicles have several characteristics that may make them less vulnerable to cryoinjury than fully grown oocytes, including a reduced amount of lipids [20] . These statements emphasized the need to have a single comprehensive study describing in detail the features of oocytes and follicular cells at all developmental stages.
The aim of the present work was to describe the ultrastructure of porcine oocytes and adjacent cells from preantral and antral ovarian follicles, especially changes in the lipid component of these cells.
Materials and methods

Ovary collection
Ovaries from prepubertal gilts (crossbreeding females) were collected at a local abattoir and transported to the laboratory in saline solution (0.9% NaCl) at 37 °C within 1 h after collection. In the laboratory, ovaries were trimmed and rinsed with 70% ethanol and sterile saline. Cortex samples were taken for evaluation of preantral follicles (primordial, primary, and secondary). Antral follicles were dissected under a stereomicroscope and divided into three groups: <2, 2-4, and 4-6 mm.
Light microscopy evaluation
Only preantral follicles were analyzed by light microscopy. Pieces (∼ 1 cm2) of ovarian cortex were fixed in Carnoy's fixative for 4 h, dehydrated in ethanol, clarified with xylene, and embedded in paraffin wax. Semi-serial sections (5 μm) were stained with hematoxylin and eosin (HE) and examined with a Zeiss Axiophot brightfield light microscope (Zeiss, Oberkochen,
Germany).
Preantral follicles were classified according to their developmental stage: primordial (one layer of flattened or flattened-cuboidal granulosa cells around the oocyte), primary (one layer of cuboidal granulosa cells around the oocyte), or secondary (two or more layers of cuboidal granulosa cells around the oocyte). Only morphologically normal follicles (MNF) with a visible nucleus were evaluated. Images were captured with a digital CCD camera (Sony DXC-107A, Tokyo, Japan), and measurements were performed with the aid of morphometric analysis software (Image Pro-Plus 5.1, MediaCybernetics, Bethesda, MD, USA). Granulosa cell counts and diameter measurements of follicles, oocytes, and oocyte nuclei were always obtained from the equatorial section of primordial (N = 113), primary (N = 76), and secondary (N = 27) follicles.
Transmission electron microscopy
All electron microscopy reagents were purchased from Electron Microscopy Sciences were evaluated by transmission electron microscopy. Sample preparation included both routine preparation and the osmium-imidazole method (lipid detection). Portions of ovarian cortex (∼1 mm2) and dissected antral follicles were fixed in Karnovsky's fixative (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2) for 4 h at room temperature. Samples were postfixed in solution containing 1% osmium tetroxide, 0.8% potassium ferricyanide, and 5 mM calcium chloride and contrasted en bloc with uranyl acetate. Samples were then dehydrated in acetone and embedded in Spurr.
Lipid detection was performed using the osmium-imidazole method. Following routine fixation (as described above), ovarian cortical samples and follicles from each antral group were washed with sodium cacodylate buffer (0.1 M) and then in imidazole buffer (0.1 M) before being postfixed in a solution containing 2% osmium tetroxide in 0.1 M imidazole buffer (30 min). Samples were then washed in imidazole buffer, dehydrated in acetone, and embedded in Spurr.
Semi-thin sections (3 μm) were stained with toluidine blue and examined under a light microscope to localize oocytes in normal follicles. Ultra-thin sections (70 nm) were examined using a Jeol 1011 transmission electron microscope (Jeol, Tokyo, Japan). The characteristics of oocyte and granulosa cell cytoplasm, the presence and distribution of organelles, and the appearance of nuclear and plasma membranes and the zona pellucida were observed and recorded.
Statistical analysis
Follicle, oocyte and oocyte nucleus diameters, and granulosa cell numbers were compared among follicular classes. Data were analyzed by ANOVA and Scheffè's test (StatView for Windows, SAS Institute Inc., Cary, NC, USA).
Results
Light microscopy
Primordial follicles contained an oocyte surrounded by a single layer of flattened granulosa cells (Fig. 1A) . Cuboidal granulosa cells were present in some primordial follicles, usually at only one pole of the follicle. Primary follicles had one layer of cuboidal granulosa cells around the oocyte (Fig. 1B) . Follicles with two or more layers of cuboidal granulosa cells were classified as secondary follicles ( Fig. 1C and D) . Early secondary follicles still lacked a welldeveloped zona pellucida (Fig. 1C) . Oocytes from late secondary and antral follicles were completely surrounded by a zona pellucida ( Fig. 1D and E). All preantral follicles were delimited from the stroma by a basement membrane. Follicle, oocyte and oocyte nucleus diameters and the number of granulosa cells in primordial, primary, and secondary follicles are presented in Table 1 . Table 1 . Diameters of follicles, oocytes and oocyte nuclei (μm) and granulosa cell number in porcine preantral ovarian follicles. Mean ± SD and range are given.
a-c Within a column, means without a common superscript differed (P <0.05).
Ultrastructure
Primordial follicles
Primordial follicles had an oval or spherical oocyte with a large homogeneous cytoplasm. An oval, centrally located nucleus had loose chromatin and occasionally displayed a nucleolus. Organelles were distributed throughout the ooplasm (Fig. 2A) . The most abundant organelles were round mitochondria with peripheral cristae, and electron-dense granules and vacuoles were usually observed in the mitochondrial matrix (Fig. 2B ). There was substantial endoplasmic reticulum, either associated with mitochondria or free in the oocyte cytoplasm (Fig. 2B) . Small vesicles were consistently present, but Golgi cisternae were rare. Lipid droplets appeared as small dark round structures and were always present in abundance ( Fig. 2A and   B ). Lipid droplets were sometimes surrounded by smooth endoplasmic reticulum (Fig. 2B ).
Polyribosomes were observed on the surface of rough endoplasmic reticulum or free throughout the oolemma (Fig. 2C) . The cellular membranes of the oocyte and adjacent granulosa cells were juxtaposed, and coated pits were occasionally observed in the oocyte outer cortex. Zones of adhesion and some microvilli were also observed (Fig. 2D ). Granulosa cells were flattened and their nuclei were irregular and elongated, containing mainly loose chromatin and some patches of condensed chromatin ( Fig. 2A and D) . In these cells, endoplasmic reticulum and mitochondria were the predominant organelles, and lipid droplets were present. 
Primary follicles
The oocytes of primary follicles were spherical or oval, with a central and spherical nucleus. Organelles were still distributed throughout the ooplasm (Fig. 3A) . Lipid droplets and round mitochondria were abundant, and mitochondria were usually associated with smooth endoplasmic reticulum (Fig. 3A) . Golgi cisternae were rare. Granulosa cells were cuboidal; their cytoplasmic ultrastructure was similar to that of primordial follicles but showed more abundant lipid droplets (Fig. 3B) . Oocyte and granulosa cell membranes were still juxtaposed, and occasionally the oolemma seemed to invade spaces between two adjacent granulosa cells.
Secondary follicles
In secondary follicle oocytes, the organelles were located at the periphery of the cell (Fig. 4A) as was the nucleus (Fig. 1D) . Round mitochondria were organized as strings of pearls (Fig. 4B ) and were the most abundant organelles. Elongated mitochondria remained rare (Fig.   4C ). Golgi apparatus (Fig. 4D ) and endoplasmic reticulum cisternae (Fig. 4E) were dilated. Dark lipid droplets were no longer present, and the oocyte cytoplasm was instead full of electronlucent vesicles (Fig. 4A) . The zona pellucida began to form in secondary follicles. Although early secondary follicles did not yet display a well-developed zona pellucida (Fig. 4A) , the zona pellucida was completely formed and surrounded the oocyte in late secondary follicles (Fig. 4E and F); some microvilli and granulosa cell projections ending in gap junctions penetrated it (Fig. 4F) . All granulosa cells were cuboidal, with organelles that seemed to be more developed in comparison to primordial and primary follicle granulosa cells. Round mitochondria and endoplasmic reticulum were the most abundant organelles. 
Tertiary follicles
In general, the three groups of antral follicles (< 2, 2-4, and 4-6 mm) had similar ultrastructures. They contained a spherical oocyte with a circular nucleus located at the oocyte periphery (Fig. 5A) . Again, round mitochondria were abundant (Fig. 5B) , but many elongated and some pleomorphic mitochondria were also observed. The Golgi complex appeared to have increased in size but with less-dilated cisternae. The free form of smooth and rough endoplasmic reticulum became less extensive. The oocyte cytoplasm was full of electronlucent structures (Fig. 5A) . These structures were often in close proximity to mitochondria and smooth endoplasmic reticulum. All oocytes were surrounded by a zona pellucida. Granulosa cell projections through the zona pellucida (Fig. 5C ) ended in indentations on the oolemma.
Additionally, erect and bent microvilli from the oocyte penetrated the zona pellucida (Fig. 5C ).
The development of perivitelline space was associated with the liberation of microvilli from the zona pellucida and was more evident when follicles were > 2 mm. Coated pits were nearly absent in oocytes of 2-mm follicles and were absent in the other antral classes. Granulosa cells surrounding the oocyte, now termed cumulus cells, had small antral spaces among them (Fig.   5D ). Mitochondria and rough endoplasmic reticulum were still the most abundant organelles in these cells. 
Osmium-imidazole method
When the osmium-imidazole method was applied to primordial and primary follicles, there was no difference in the appearance of the lipid droplets, which appeared as small, dark, round structures. Interestingly, in secondary and tertiary follicles, large differences were noted before and after the osmium-imidazole procedure. In secondary follicles, some of the electronlucent vesicles (Fig. 4A ) appeared as dark structures (Fig. 6A) , indicating that they were in fact lipid droplets, whereas others remained gray (Fig. 6B) . In tertiary follicles, the large electronlucent structures (Fig. 5A) were also lipid droplets. They had various sizes, shapes and electron densities (Fig. 6C ). Some were dark with electron-lucent streaks (Fig. 6D) . 
Discussion
In this study, the diameters of preantral follicles and their oocytes were similar to those described for some other mammals, e.g., cattle [3] and marsupials [21] , and were larger than those of goats [6] , sheep [22] , buffalos [8] , and capuchin monkeys [23] . Some secondary follicles 250 to 351 μm in diameter were observed (data not shown), confirming that antral formation occurred later in porcine follicles (400 μm) [24] than in bovine follicles (200 μm) [25] . The present work classified primordial follicles as an oocyte surrounded by flattened or flattened/cuboidal granulosa cells. Some authors classify these follicles as intermediary follicles [26] .
In general, the ultrastructure of swine preantral follicles was similar to those of other mammalian species (human [27] , goat [6] , cow [3] and [28] , and cat [9] ). Antral follicles also displayed similarities to other species (cows [2] , wild-type sheep [29] , and buffalos [8] ). However, some differences were observed.
Round mitochondria were the most abundant organelles in porcine oocyte cytoplasm in all follicle classes studied. This was also described for preantral follicles of other species, such as buffalos [8] and cows [3] . However, Lucci et al [6] described that elongated mitochondria predominated in goat secondary follicle oocytes. In this study, elongated and pleomorphic mitochondria were observed in tertiary follicles. Fair et al [2] suggested that round mitochondria may be an immature mitochondrial form from which all other forms arise. Several mitochondria presented electron-dense granules and vacuoles in their matrix. These granules were also described in bovine oocyte mitochondria [3] .
According to Fawcett et al [30] , these granules are present in ion-transporting tissues such as liver, kidney, and pancreas and are related to mitochondrial control of ions. Gunter and Gunter [31] described these granules as calcium deposits.
The present study detected a more-developed smooth and rough endoplasmic reticulum in secondary and tertiary follicles. In buffalo oocytes, Mondadori et al [7] and [8] described the same pattern. The smooth endoplasmic reticulum functions in several metabolic processes, including lipid and steroid synthesis, carbohydrate metabolism, and calcium concentration regulation [32] . Considering that primordial follicle oocytes are quiescent, smooth endoplasmic reticulum is more evident in growing follicle oocytes with intense metabolic activity, such as secondary and tertiary follicles. Similarly, rough endoplasmic reticulum is involved with protein synthesis, including the zona pellucida glycoproteins [33] . It is thus expected that rough endoplasmic reticulum would be more developed in oocytes from late secondary and tertiary follicles, which have a thick zona pellucida. An intense association between mitochondria and endoplasmic reticulum was also observed. Bernhard and Rouiller [34] affirmed that this association indicated a physiologic relationship, with mitochondria providing energy for the regrowth and activity of endoplasmic reticulum.
In this study, the zona pellucida completely surrounded the oocyte only in secondary follicles, as reported in cattle [2] and [35] and goats [6] . However, the zona pellucida was seen at the primary follicle stage in the guinea pig [36] , monkey [37] , rabbit [38] , human [39] , mouse [40] , and cat [9] .
Thicker zona pellucida corresponded to greater numbers of microvilli and granulosa cell projections. The large quantity of microvilli may represent a means of molecular transport between granulosa cells and the oocyte. We observed that granulosa cell projections ended in gap junctions. Evidence indicates that somatic cell-oocyte interactions via gap junctions are essential for oocyte growth and metabolism. This is one of the routes by which granulosa cells supply ions, nucleotides and amino acids to the oocyte [41] and [42] . According to Fair et al [2] , in primordial and primary follicles, the numerous coated pits present in the cortical ooplasm compensate for the absence of specific communication channels. Granulosa celloocyte intercommunication may occur through receptor-mediated endocytosis during the initial period of oocyte growth, with subsequent redirection to cell-to-cell gap-junction coupling [41] when the zona pellucida is completely developed.
The biggest difference between porcine follicles and those of other mammals was the high content of intracellular lipid in swine oocytes. Lipids are also present in bovine [43] and ovine [44] oocytes, though to a lesser extent. Granulosa cells also had an unusually large amount of lipid, particularly in porcine primordial and primary follicles. In addition, there were distinct lipid characteristics in various follicle classes. Primordial and primary follicle oocytes had a cytoplasm full of dark and round lipid droplets. In secondary and tertiary follicle oocytes, however, numerous electronlucent structures were found, which were shown to be lipid droplets (based on osmium-imidazole staining). The presence of bright vesicles in the oocyte cytoplasm has been frequently reported [3] , [6] and [8] . We concluded that, in the absence of a specific stain, some lipid droplets look like vesicles, and in many previous instances, may have been misclassified.
It was also observed that, in primordial and primary follicles, lipid droplets retained the same appearance using either osmium or osmium-imidazole staining. Imidazole is a weak organic base, which is soluble in water, alcohol, and lipids [45] . It stains highly saturated fatty acids, can also increase staining of unsaturated lipids and is the most effective method for staining phospholipids and lipoproteins [45] . Therefore, the morphological changes observed in lipid droplets during follicle development may reflect changes in the nature of the lipids being stored in those droplets. This is an interesting finding, as the quantity, nature, and distribution of lipids have important implications for the potential for oocyte and embryo cryopreservation, as lipids are sensitive to low temperatures, especially below 15 °C [15] and [46] . In that regard, the large amount of lipid in porcine oocytes has been implicated in the limited success with cryopreservation [18] and [47] . Moreover, abnormal changes in lipid droplets caused by cryopreservation have been reported [14] , [15] , [16] and [17] and seem to correspond with poor development.
After osmium-imidazole staining, lipid droplets from secondary follicle oocytes appeared as round, dark or gray structures, whereas lipid droplets from tertiary follicle oocytes appeared as dark structures with electron-lucent streaks. Isachenko et al [48] described two types of lipid droplets in porcine oocytes-dark homogeneous vesicles and gray vesicles with electron-lucent streaks. The authors suggested that this was a consequence of cytoplasmic lipolysis and that dark vesicles change to gray ones after lipid utilization.
In conclusion, morphometry of porcine preantral follicles was characterized, in association with the ultrastructure of porcine oocytes and adjacent follicular cells. Many changes that occurred in the oocyte during follicular development were documented. Notably, lipids were abundant in porcine oocytes at all stages of ovarian follicular development. In addition, changes in the appearance of lipid droplets as follicles develop suggest changes in the nature of the lipids. Morphological knowledge regarding porcine oocytes may be useful for development of various reproductive technologies. Furthermore, future studies of fatty acid composition in porcine ovarian follicles may be of interest.
